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Yeast cells have an asymmetric, stem-cell-like
division. As the mother cell ages it becomes 100
times more genetically unstable, but it is only the
daughter cells that exhibit loss of heterozygosity; the
latter effect is not connected to SIR2-dependent
aging, but seems to be accompanied by a loss of the
DNA damage checkpoint.
We all have to face it: as you get older you start to lose
it. Mutations accumulate in cell lineages. Some cells
die, some become transformed and cancerous. In
many cases, recessive mutations in tumor suppressor
genes become revealed by loss of heterozygosity
(LOH). McMurray and Gottschling [1] have now made a
series of surprising observations on aging in the simple
model system, the budding yeast Saccharomyces cere-
visiae: they have found that LOH increases in aging
yeast cells, but in such a fashion that the stem cell
remains heterozygous and only its descendants lose
the heterozygous state.
Budding yeast has become an interesting system for
studying cell aging. In the absence of the enzyme
telomerase, telomere sequences at chromosome ends
slowly and progressively shorten so that, after 50 or
more generations, budding yeast cells senesce. This
has provided a useful model for studying the telomere-
limited lifespans of higher eukaryotic cells, including
the ways some senescing cells are rescued by recom-
binational mechanisms that can maintain telomeres in
the absence of telomerase [2,3]. But telomere lengths
do not deteriorate in wild-type yeast cells expressing
telomerase; their aging arises in different ways. 
Mitotic division of a budding yeast cell is inherently
asymmetric: the mother cell is essentially a stem cell
which gives rise to a series of daughter cells that are
distinct from the mother in their developmental fate.
For example, asymmetric accumulation of ASH1
mRNA in the daughter cell cytoplasm restricts the
expression of some genes to mother cells. Asym-
metric cell division also plays a key role in limiting
the lifespan of the mother cell. As yeast cells prolif-
erate, extrachromosomal circles of ribosomal DNA
(rDNA) genes stochastically ‘pop out’ from a long
tandem array. These rDNA circles can replicate, but
they are inherited asymmetrically into the mother
cell. This creates an increasing genomic load on the
mother cell which becomes unsupportable after
about 25–30 generations, when there are apparently
1000 additional replication origins on rDNA circles.
But each new daughter cell has its own 30-genera-
tion lifespan as it becomes a mother cell and estab-
lishes its own lineage. The study of this process has
led to the discovery of a critical role for the NAD-
dependent Sir2 histone deacetylase in regulating
rDNA recombination [4]. In other eukaryotes, it is
highly unlikely that lifespan is regulated by the accu-
mulation of extrachromosomal DNA circles, but there
is intriguing evidence that the Sir2 protein, whose
activity is regulated by the energy balance of the cell,
might play other roles in determining lifespan [5–7].
But do aging cells actually get old genetically, in a
way that affects their offspring? Over time, stem cells
should accumulate mutations that would be inherited by
their progeny. In humans, even though the astonishing
proofreading ability of the DNA replication process
ensures that only 1 in 1,000,000,000 base pairs is mis-
copied, one or a few mutations should arise in every cell
cycle. But most deleterious mutations are recessive, and
for them to become deleterious, there must be a subse-
quent LOH to uncover the effect of the mutant allele.
LOH can occur in several ways. The wild-type allele
may be lost by mutation, deletion or truncation; or it
could be epigenetically silenced. LOH can also occur by
several different recombination mechanisms (reviewed
in [8]). The wild-type allele can be eliminated by gene
conversion (Figure 1A); if this occurs in G2 stage of the
cell cycle, the repair event may be accompanied by 
reciprocal recombination such that, after mitosis, one
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Figure 1. Repair by homologous recombination of a double-
strand break arising in G2 cells.
(A) Gene conversion accompanied by reciprocal crossing over
will produce reciprocal LOH. (B). Break-induced replication




cell is homozygous for the mutant while the other is
homozygous wild type (Figure 1A). Alternatively, a
chromosome may be broken and the centromere-adja-
cent end may invade nearly identical sequences on a
homologous chromosome and copy the lost sequences
all the way to the telomere (Figure 1B). Repair by break-
induced replication will produce one cell with LOH while
the other remains heterozygous.
To study how aging affects LOH, McMurray and
Gottschling [1] carried out a detailed pedigree analy-
sis of a diploid yeast strain heterozygous for easily
scored nutritional markers. A newly born cell was fol-
lowed microscopically as it began to bud and divide;
then the mother and daughter cells were separated by
micromanipulation. The daughter cell was moved and
allowed to grow into a colony. The mother then gave
rise to another daughter, which was moved away to
grow into a colony, and the process was repeated
until the mother cell had reached the end of her lifes-
pan. The time of each division cycle was measured.
(This experiment is not for the faint of heart; cells in
one pedigree were monitored and separated for as
long as six days and nights; experimental details on
eating and sleeping were not provided.)
When the phenotypes of each daughter in the lineage
were determined, there were four surprises. First, the
incidence of LOH was quite low until late in the lineage,
when there was a dramatic rise in the proportion of
daughter cells exhibiting LOH. Second, in the colony
arising from a daughter cell, LOH often appeared only
after that cell had divided one or several times; such
colonies often had a sector of LOH rather than being
uniformly of one genotype (Figure 2). The rate of
appearance of these late-appearing LOH events was
40–200 times greater than among the daughters of
young mothers. 
As expected, towards the end of the mother’s lifes-
pan, there was a slowing down of the rate of cell divi-
sion; but McMurray and Gottschling [1] ruled out the
possibility that the increased LOH was associated with
replicative senescence caused by accumulation of
rDNA circles. A fob1 deletion which reduces rDNA circle
formation doubles the lifespan, but the dramatic
increase in LOH frequency occurred after the same
number of cell divisions by the mother. Similarly, a sir2
deletion which dramatically shortens lifespan also did
not affect the time course of LOH events.
Third, LOH was distributed asymmetrically, such
that the mother cell continued to be heterozygous
and capable of producing additional offspring exhibit-
ing LOH. Once a lineage displayed LOH, additional
LOH events were seen every third or fourth subse-
quent daughter. This result shows that mother cells
had become genetically unstable, but that the insta-
bility was manifested in the daughters and was typi-
cally not evident in the mother herself. 
In keeping with this last observation, McMurray and
Gottschling [1] showed that the predominant mecha-
nism of LOH was break-induced replication (Figure
1B), rather than reciprocal exchange. Consequently the
mother cell did not become homozygous wild-type
when the daughter cell became homozygous mutant.
LOH resulted in two full-length homologous chromo-
somes still heterozygous for markers close to the 
centromere, but homozygous not only for the test
marker, but also for several more distal markers,
including one more than 300 kb further along the chro-
mosome. About 95% of LOH events arose by break-
induced replication, but 5% apparently occurred by
appending a new telomere on a broken chromosome
end. There were also cases where LOH arose after at
least one division in the daughter cell, producing a sec-
tored colony (Figure 1B); in the great majority of these
cases too, LOH is not reciprocal (D. Gottschling, per-
sonal communication). 
It should be noted that — despite the dramatic
increase in LOH events in the daughters of very old
mother cells — these events are not expected to con-
tribute significantly to the outcomes of mitotic recom-
bination event that are normally studied. If exponentially
growing cells are plated and analyzed, the number of
mother cells that have given birth to 24 previous daugh-
ters would be about 1/225 (3 x 10–8). But for the descen-
dants of real stem cells, this poses a formidable threat. 
A fourth surprise was that the time between
subsequent cell divisions did not become extended
when the daughter exhibited LOH, as might have
been expected if DNA damage had triggered the
DNA damage checkpoint, causing G2/M arrest. This
suggests that aging cells might lose their capacity to
sense and arrest in the presence of chromosomal
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Figure 2. Pedigree analysis of LOH in consecutive daughters
of a mother cell heterozygous for a recessive (gray) marker. 
LOH only occurs late in the pedigree but the mother cell does
not exhibit reciprocal LOH as it can give rise to later daughters
that again exhibit LOH, sometimes arising only after the daugh-















damage. The failure of cells to delay mitosis before
DNA repair is completed may be one key to under-
standing how LOH is asymmetrically inherited. 
One way that LOH might increase, suggest McMurray
and Gottschling [1], is that “aging mother cells accumu-
late damaged protein(s) over time, which effectively
eliminates the normal function of a gene product
required for genome integrity”. Indeed, there is evidence
that oxidatively damaged proteins accumulate in the
mother cell [9]. Consequently, chromosomes may be
broken and not effectively repaired. If a gene were
simply mutated or turned off in old mothers, one must
account for the fact that daughters, and not their
mothers, increase their rate of genome instability and/or
lose their repair capacity.
One candidate set of gene products that might be
shut down are the DNA damage checkpoint proteins, in
particular the ATR homologue, Mec1. Dampening of
checkpoint responses would account for the lack of
delay in the cell division cycle when the daughter cell
received an apparently damaged chromosome. But a
recent observation by Cha and Kleckner [10] suggests
that reduction of Mec1 activity might also provide a
source of broken chromosomes that give rise to LOH.
A mec1 mutant grown at its maximum permissive tem-
perature accumulates nonrandom chromosome breaks;
mec1∆ and other checkpoint mutants also show a high
level of genome instability in assays carried out in
haploid cells [11]. 
But how can one account for the asymmetry in the
inheritance of LOH and for the types of repair event that
are seen? McMurray and Gottschling [1] suggest that
the DNA damage responsible for genome instability is
indeed the accumulation of double-strand breaks,
either because they arise more often or because they
are repaired less efficiently. They postulate that the
centromere-containing broken chromosome fragment
would be transmitted through the neck of a budding
cell and into the daughter cell, but that the acentric
fragment — lacking attachment to the mitotic spindle
— would remain trapped in the mother cell. In this case,
the mother cell would have both halves of a broken
chromosome and always be able to repair the double-
strand break by a conservative process such as gene
conversion. But the broken chromosome transmitted to
the daughter cell would often only have sequences
homologous to the intact homologue on one side of the
double-strand break and would be compelled to repair
the double-strand break by recombination-dependent
DNA replication, leading to LOH. Indeed, experiments
from Fasullo et al. [12] and from Toczyski and Galgoczy
[13] confirm that checkpoint-defective cells show
increased LOH apparently because of loss of an acen-
tric broken fragment. 
If double-strand breaks arose in the mother cell
during replication and the daughter failed to inherit the
acentric segment, LOH should be manifest in all the
cells of the daughter; but quite often only a fraction of
the descendants, in one sector, showed LOH whereas
the remainder of the daughter colony was apparently
wild type [1]. Perhaps segregation of the acentric frag-
ment only fails a fraction of the time. But perhaps the
damage was not a fully broken chromosome at the time
of inheritance, but rather a single-strand nicked chro-
mosome which produced chromosome breaks only
after another round of DNA replication. In this case,
there must be asymmetric inheritance of repair capac-
ity, because it is difficult to see how daughters would
selectively inherit a nicked chromosome. Perhaps there
is a ‘mark’ on the chromosome that eventually dictates
its being broken, akin to the marking that accounts for
the production of one broken chromatid and one
unbroken one during the lineage of fission yeast cells
undergoing mating type switching [14]. 
Many more questions remain to be answered. One
wonders if the balance between break-induced replica-
tion and the formation of truncated chromosomes by
new telomere addition would be changed by deletion of
the Pif1 helicase, as has been noted for spontaneous
genome instability seen in much younger cells with
partial defects in DNA replication and in a variety of
checkpoints [15]. What would be the consequence of
eliminating either the intra-S or DNA damage check-
point controls on the timing and types of LOH? What
kinds of mechanisms are involved in repairing lesions in
the mother cell? And of course will similar asymmetric
inheritance of LOH be seen in mammalian stem cells?
We hope we shall not age too fast to find out.
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